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Abstract
Background: Several studies in the past have found that phonological processing is abnormal in
children with dyslexia. Phonological processing depends on the phonological rules of the language
learnt. Western languages do not have a good phoneme to grapheme correspondence while many
of the Indian languages do have it. Also phonological rules of western languages are different from
that of Indian languages. Thus it would be erroneous to generalize the results of phonological
processing obtained on children speaking western languages to those speaking Indian languages.
Hence the present study was aimed to investigate the auditory processing in children with dyslexia
who spoke and studied Indian languages.
Methods: Standard group comparison design was used in the study. The study was conducted on
fifteen children with dyslexia and fifteen control children. Mismatch negativity was elicited for
speech and tonal stimuli. Results obtained on the clinical group were compared with that of control
group using mixed design Analysis of variance. Children in both the groups were native speakers
of Kannada (a south Indian language).
Results: A subgroup of children showed abnormalities in the processing of speech and/or tonal
stimuli. Speech elicited mismatch negativity showed greater abnormalities than that of tonal stimuli.
Though higher for spectral contrasts, processing deficits were also shown for durational contrasts.
Conclusion:  Inspite of having different phonological rules and good phoneme-grapheme
correspondence in Indian languages, children with dyslexia do have deficits in processing both
spectral and durational cues.
Background
Developmental dyslexia is a specific disability in learning
to read and spell adequately despite at least normal intel-
ligence, adequate instruction, adequate socio-cultural
opportunities, and the absence of sensory defects in vision
and hearing [1]. In India, prevalence of dyslexia varies
between 3% and 10% [2].
The causes of dyslexia are numerous and often are poorly
defined. There are several theories that attempt to account
for dyslexia. Snowling [3] classifies the theories that have
received most attention into two general approaches. The
first is domain specific view, which posits that the dyslexia
arise from deficits in systems that are specifically linguis-
tic; in phonological processing and memory. The second
school of thought claims the core deficits in underlying
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nonlinguistic sensory mechanisms, which could be either
in visual processing or in auditory processing.
In the last two decades, studies have explored a close link
between phonological skills and reading. Torgesen [4]
found poor phonological awareness in children with dys-
lexia. The primary deficit in developmental dyslexia in all
languages has been reported to be in representing speech
sounds as graphemes [5]. Furthermore, intervening at the
level of phonological skills has been found to improve
reading outcomes for children who struggle to read their
first language [6-8]. Vandervelden and Siegel [9] showed
that the phonological intervention helped the low ability
group to improve their reading skills, thus highlighting
the importance of phonological processing in reading.
Children with dyslexia are known to have reading diffi-
culty. A thorough investigation of phonological skills in
each of these children may help us to better understand
the cause of the disability and to design a better rehabili-
tative approach.
Phonological discrimination in children with dyslexia has
been assessed using both behavioral and electrophysio-
logical tests. Using behavioral discrimination tasks,
[10,11], low-level processing deficits that cause problems
in discriminating rapid temporal changes is reported. The
finding that dyslexics are mainly impaired in processing
stop consonants [11], indicate the presence of temporal
processing deficit, as stop consonants are characterized by
brief and rapid spectral changes. If such impairment
exists, it may disturb the adequate development of pho-
nological codes from an early age.
Most of the electrophysiological studies carried out to
investigate phonological discrimination have used MMN.
MMN reflects automatic, pre attentive auditory discrimi-
nation, represented as a small negative deflection super-
imposed on N1P2 or P2N2 complex [12]. Neural activity
within MMN may reflect early cognitive processes in terms
of pre-attentive comparison of an incoming deviant stim-
ulus with a stored memory trace of the preceding standard
events [13]. MMN, when compared to other auditory
potentials appears to represent a better correlate of lan-
guage specific phonetic traces that serve as recognition
models for speech sound during auditory perception [14].
Schulte-Korne et al. [15] elicited MMN for syllable (/ba-
da/) and tonal (1000 Hz–1050 Hz) deviances and, com-
pared the results between children with dyslexia and con-
trols. Results showed that the MMN elicited by the
syllable deviance was diminished in subjects with dyslexia
when compared to that of controls. However, MMN
amplitude elicited by the tone deviance did not differ sig-
nificantly from that of controls. They interpreted their
results in terms of a speech-specific pre-attentive process-
ing deficit in children with dyslexia. However, contradic-
tory results which show poor MMN amplitude even for
tonal deviance are also reported [16].
Furthermore, within speech the perception of all spectro-
temporal changes might not be impaired to the same
extent. Kraus et al. [17] compared the performance of nor-
mal children and children with learning problems in
behavioral discrimination task (/ba-wa/&/da-ga/) as well
as MMN. Results showed that children with learning
problems had deficit in discrimination of /da-ga/ but
showed intact performance in discriminating /ba-wa/.
MMN recorded from these subjects correlated with the
behavioral findings. MMN elicited with the /da/-/ga/ pair
had diminished magnitude and prolonged latency
whereas /ba/-/wa/ pair elicited normal MMN. This may be
because, two different contrasts may tap into separate and
distinct neural mechanisms or they may be processed at
distinct locations along the auditory pathway. Further-
more, the presence of MMN does not indicate that the
stimuli can be discriminated behaviourally. Bradlow et al.
[18] investigated behavioral discrimination of /da/-/ga/
and its neurophysiologic correlate. It was observed that
varying the formant transition duration from 40 ms to 80
ms did not result in improved behavioral response but
there was enhancement of MMN response.
Thus, the results of both behavioral and electrophysiolog-
ical methods show the presence abnormal phonological
discrimination in children with dyslexia. But, most of the
published studies are done on children who had English
or other western languages as their native language. These
languages are alphabetic and do not have a good pho-
neme to grapheme correspondence whereas, Indian lan-
guages are semi-syllabic in nature and there is almost a
one to one grapho-phonological equivalence expressed in
syllabic structure with the regular signs of vowels being
attached to the basic consonant form [19]. The phonolog-
ical rules in Indian languages are different from that of
English or other western languages. This may influence
phonological processing. Hence, these data obtained on
children who spoke English or other western languages
may not be applicable to children speaking Indian lan-
guages. Despite having high prevalence rate of dyslexia in
India, studies have not been conducted on children who
speak Indian languages. Thus the present study was taken
up to investigate MMN in children with dyslexia who
spoke and studied Indian languages.
Methods
The study was conducted on two groups of children. One
group was a clinical group and fifteen children with the
diagnosis of dyslexia participated in this group. The diag-
nosis of dyslexia was made by an experienced speech and
language pathologist/Clinical psychologist. Profiling ofBehavioral and Brain Functions 2007, 3:36 http://www.behavioralandbrainfunctions.com/content/3/1/36
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children was done to identify the core features of dyslexia
in them.
The second group was a control group and thirty children
with age appropriate scholastic performance participated
in the experiment. Age of the children in both the groups
ranged between 7 years and 12 years. The native language
and the medium of instruction was Kannada (A Dravidian
Language spoken in south India) for children in both the
groups. Pure tone audiometry and immittance evaluation
were administered for each child to ensure normal hear-
ing sensitivity and normal middle ear functioning. A
detailed case history was taken prior to the experiment to
rule out any relevant otological or neurological pathol-
ogy. Before subjecting the children to the experiment,
consent was taken from parents of the children.
Stimulus parameters
Mismatch negativity was recorded for spectral as well as
temporal contrasts using speech and tonal stimuli. Six syl-
lables, /tΣa/ [see Additional file 1], /dZa/ [see Additional
file 2], /sa/ [see Additional file 3], /da/ [see Additional file
4], /δ8a/ [see Additional file 5] and /das/ [see Additional
file 6] were used to create four syllable contrasts that could
elicit MMN. /das/ refers to shorter duration /da/. Place of
articulation, manner of articulation, voicing and syllable
duration were the four target contrasts. Except /das/, all
the syllables were 250 ms in duration. Stimuli were gener-
ated using analysis by synthesis method using Praat signal
editing software (version. 4.2.01). Syllable /das/ was 175
ms in duration. Stimulus /da/ and /das/ differed only in
their vowel duration. All the syllables spoken by an adult
male speaker were digitally recorded at a sampling fre-
quency of 16 kHz and 16-bit digitisation. Syllables were
edited to improve signal to noise ratio as well as to main-
tain target the duration. Stimuli were then normalized
and loaded into Smart EP system using STIMCONV soft-
ware. Spectrograms of the stimuli are shown in the figure
1(a–f).
Two separate MMN recordings were done using speech
syllables. In the first recording, /tΣa/ stimulus was used as
a standard while the /dZa/ and /sa/ were used as deviants,
differing in voicing and manner of articulation respec-
tively. In the second recording, /da/ stimulus was used as
a standard while /δ8a/ and /das/ were used as deviants,
differing in place of articulation and vowel duration
respectively.
Tonal stimuli were generated using stimulus generator of
Intelligent Hearing Systems, Smart EP (version. 3.70). A
1000 Hz puretone of 250 ms duration was used as stand-
ard while a 1100 Hz puretone of 250 ms and 1000 Hz
puretone of 175 ms were deviants, deviating in frequency
and duration respectively. As the acoustical differences in
the place, manner, voicing and syllable duration are either
in terms of frequency or duration, for comparison with
the MMN elicited by syllable, frequency and duration
deviances were taken up in the tonal contrasts. The stimuli
were presented binaurally at 70 dB nHL through ER3A
insert earphones.
Recording parameters
The potentials elicited by the test stimuli were recorded
and analysed using Intelligent Hearing Systems, Smart EP
(version. 3.70). The responses were differentially recorded
from FZ, TL and TR (positive) with reference to nose tip
(negative) using silver chloride electrodes. TLwas located
half way between T3 and T5 and, TR was located half way
between T4 and T6. The ground electrode was placed on
nasion. The responses were averaged online for a block of
100 sweeps where each sweep consists of a deviant stimu-
lus and a set of standard stimuli. The probability ratio of
standard stimulus and deviant stimulus was 5:1. Thus, the
total number of standard stimuli presented was around
500. The repetition rate was kept constant at 1.9 stimuli
per second. The analysis window was set to 500 ms. The
EEG was band pass filtered online between 1 Hz and 30
Hz. The first two sweeps in each block were discarded dur-
ing the recording, as they elicit considerably larger exoge-
nous responses than the following ones [20]. Any block
with artifacts exceeding 5% of the total sweeps was not
considered for the analysis.
Test procedure
Children sat in a comfortable position to ensure a relaxed
posture and minimum muscular artefacts. During the
recording, children watched a silent cartoon movie of
their choice. This probably minimized the possibility of
active attention and reduced the eye blinking, both of
which could affect the MMN recording. Before starting the
recording, low absolute (<5 kΩ) and relative (<2 kΩ) elec-
trode impedance was ensured. Stimuli were presented
binaurally in an oddball paradigm.
Analysis
MMN was determined by subtracting the averaged wave-
form for standard stimulus from the averaged waveform
for deviant stimulus. In the difference wave, the first neg-
ative peak after N1 (in the deviant wave), with greater than
0.5 μV negative amplitude, was identified as MMN. Four
experienced audiologists independently analysed the dif-
ference waveforms to identify the MMN. It was considered
as a response only if all the four audiologists identified the
MMN at the same latency. Peak latency and peak ampli-
tude of the MMN was noted for each waveform. The data
obtained from the control group and clinical group was
statistically analysed using Mixed design ANOVA.Behavioral and Brain Functions 2007, 3:36 http://www.behavioralandbrainfunctions.com/content/3/1/36
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Results
Latency of MMN
The grand average of standard, deviant and the difference
waveforms, recorded from Fz for control and the clinical
group children are shown in Fig 2 and 3 respectively.
Table 1 shows the mean and standard deviation of peak
latency of MMN obtained from control and clinical
groups, for the 6 deviances used in the study. For all the
deviances, the mean latency of MMN was longer in the
clinical group when compared to that of normal group.
This was true for MMN picked up from all the electrode
sites. In the control group, for speech stimuli, the peak
latency was longer at FZ followed by that at TR and TL sites.
Such clear trends were not seen for the clinical group. But
for tonal stimuli, latency was shortest at FZ both in control
and clinical groups. Comparison of the latency of MMN
for different stimuli shows that the latencies were shorter
for tonal stimuli than that for speech stimuli in both con-
trol and clinical groups.
Mixed design ANOVA was carried out to investigate the
effect of group, electrode site and the deviance used on
latency of MMN. As the data violated assumption of
sphericity, Greenhouse-Gieser effect was used to correct
the results. Results revealed that there was a main effect of
group [F(1,14) = 31.65, p < 0.01] but repeated measures
showed that electrode site [F(1,14) = 0.81, p > 0.05] and
stimuli [F(1,14) = 0.65, p > 0.05] did not affect the results.
There was a significant interaction between site and stim-
uli [F(1,14) = 4.54, p < 0.01], site and group [F(1,14) =
3.84, p < 0.05] as well as group, site and stimuli [F(1,14)
= 4.5, p < 0.01]. The results of ANOVA thus revealed that
latencies of MMN in children with learning disability were
significantly longer than those observed in the control
(a to f). The figure shows spectrograms of six syllables used to elicit MMN Figure 1
(a to f). The figure shows spectrograms of six syllables used to elicit MMN. The total duration of stimuli /tΣa/, /dZa/, /sa/, /da/&/
δ8a/ was approximately 250 ms. Whereas, duration of das/ was 175 ms. All the syllables spoken by an adult male speaker were 
digitally recorded at a sampling frequency of 16 kHz and 16-bit digitisation. They were then edited using analysis by synthesis 
method to achieve the target duration and were normalized.Behavioral and Brain Functions 2007, 3:36 http://www.behavioralandbrainfunctions.com/content/3/1/36
Page 5 of 11
(page number not for citation purposes)
group. However, the effect was not similar for different
stimuli and at different electrode locations. Therefore
Independent t test was carried out to investigate the signif-
icant difference between groups for latency of MMN
picked up from different sites for different stimuli. The
results shown in Table 2 indicate that the latency of MMN
was significantly longer in the experimental group when
compared to that of control group, for responses picked
up form all the sites when the /tΣa/-/dZa/ and /da/-/δ8a/
contrasts. For deviances, /tΣa/-/sa/ and /da/-/das/ con-
trasts as well as for frequency deviance, the experimental
group had significantly longer latency for responses
picked form temporal regions but there was no significant
difference between the responses picked up from fore-
head. There was no significant difference between the two
groups for duration deviance. Figure 2(a–f) and figure
3(a–f) show the grand average waves for the 6 stimulus
contrasts in control and clinical groups respectively.
Amplitude of MMN
The mean and standard deviation of MMN amplitude at 3
electrode sites, for 6 contrasts are shown separately for
control and clinical groups in Table 3. Results of mixed
design ANOVA indicate that there was no effect of group
[F(1,14) = 0.18, p > 0.05], stimuli [F(1,14) = 0.48, p >
0.05], electrode site [F (1,14) = 2.44, p > 0.05] on peak
amplitude of MMN. As in the previous analysis, the data
violated assumption of sphericity and hence, Green-
hoouse-Geiser estimate was used to correct the results.
Two way interaction between the variables were not
observed but there was a significant three way interaction
among the effect of electrode site, stimuli and group
[F(1,14) = 2.16, p < 0.05].
Analysis of individual data
The individual data of each subject was analysed to check
whether the latency and amplitude values fall within
mean + 1 SD of that of control group. Such responses
which were beyond 1 SD were termed prolonged
responses. Table 4, shows the number of children with
dyslexia who had normal MMN, prolonged MMN latency
or absent MMN.
Discussion
Controversy exists regarding the underlying cause of dys-
lexia. Some investigators assume that the deficit in audi-
tory processing is the source of the phonological disorder
observed in children with dyslexia. Others maintain that
the phonological deficit in dyslexia is basically linguistic,
not acoustic in nature. It is widely accepted that most chil-
dren with developmental dyslexia perform poorly on
tasks that assess phonological awareness. According to
one school of thought, the "input" phonological repre-
sentations of speech sounds are distorted or noisy in these
children and this leads to phonological problems [21].
The results of present study support this hypothesis. How-
ever, it also shows that not all children with dyslexia have
auditory processing problem. There is a subgroup of chil-
dren who have auditory processing problem though it
cannot be ascertained whether the auditory processing
problem is the causal factor for dyslexia or it is just an
associated factor.
Earlier investigations have proved that many features like
voice onset time and formant transitions require the
detection of fine timing differences (in few milliseconds)
of complex auditory patterns and this is affected in sub-
Table 1: Mean and standard deviation of peak latency (in ms) of MMN
Stimuli Group FZ TL TR
Mean SD Mean SD Mean SD
Speech /tΣa/-/dZa/ Control 225.83 37.23 216.58 48.66 221.64 47.52
Clinical 296.43 46.36 304.78 47.23 309.0 51.38
/tΣa/-/sa/ Control 237.86 48.25 219.06 52.27 224.80 48.20
Clinical 288.75 90.65 293.4 34.46 274.25 28.00
/da/-/δ8a/ Control 237.47 24.63 212.6 35.62 213.90 38.23
Clinical 277.5 41.03 290.4 45.29 293.56 41.56
/da/-/das/ Control 254.87 20.67 218.67 50.17 225.6 52.58
Clinical 267.85 38.25 281.0 40.56 284.85 41.73
Tone 1000 Hz–
1100 Hz
Control 207.5 15.43 209.56 25.05 213.37 25.76
Clinical 212.06 52.9 248.38 77.41 254.92 83.04
250 ms–175 
ms
Control 208.27 20.94 217.27 28.9 219.47 32.96
Clinical 223.0 61.94 243.21 68.82 249.79 75.61Behavioral and Brain Functions 2007, 3:36 http://www.behavioralandbrainfunctions.com/content/3/1/36
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jects with dyslexia [22]. There is a controversy as to
whether the processing of both non speech and speech
signal are affected or processing of only speech signal is
affected. The main finding of this study was that, the chil-
dren with dyslexia show impaired auditory processing at
the cortical level and the abnormality varies with the stim-
uli used. Though more number of children showed
abnormality in the speech elicited MMN, processing of
both speech and tonal signal was affected in children with
dyslexia. From the results of the present study, it can be
inferred that the discrimination of signals depends on the
cues used for processing the signal and not on whether it
is speech or non-speech stimuli.
(a to f). The figure shows grand mean MMNs of control group Figure 2
(a to f). The figure shows grand mean MMNs of control group. Figure 2a to 2f represents the waves elicited for /tΣa/-/dZa/, /
tΣa/-/sa/, /da/-/δ8a/, /da/-/das/, tonal frequency and tonal duration contrasts respectively. Each sub-figure has a standard, a devi-
ant and a difference wave respectively. The waves are scaled to 13 μV and the MMN is marked on the difference wave.
Table 2: t values for MMN for different deviances
Stimulus contrasts
Electrode site /tΣa/-/dZa/ /tΣa/-/sa/ /da/-/δ8a/ /da/-/das/ 1000 Hz–1100 Hz 250 ms–175 ms
Fz -4.29* -1.77 -3.74* -1.47 -.44 -1.19
TL -4.09* -2.64* -5.88* -4.05* -2.5* -1.77
TR -3.86* -1.56 -5.38* -3.7* -2.51* -1.87
* significant at 0.01 levelBehavioral and Brain Functions 2007, 3:36 http://www.behavioralandbrainfunctions.com/content/3/1/36
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MMN for speech stimuli
The type of deviances used in the present study included
deviances in terms of place of articulation, manner of
articulation, voicing and vowel duration. Both behavioral
as well as electrophysiological studies have earlier
reported that processing of cues for perception of place of
articulation is affected in these children [15,17,23]. Kraus
et al. [17] reported that behavioral speech sound discrim-
ination and MMN for /ba/-/wa/ continuum was not
affected in children with dyslexia while /da/-/ga/ contin-
uum was affected. Schulte-Korne et al [15] observed that
the MMN for /ba/-/da/ contrast was affected in children
with dyslexia. These results indicate that the features that
signal place of articulation appear to be particularly vul-
nerable when auditory processing breaks down.
There is a dearth for information on MMN for voicing
contrast in children with dyslexia. Manis et al. [24]
reported that dyslexics with low phonemic awareness
made poorer /b/-/p/ distinctions than both chronological
age matched and reading level matched controls. They
concluded that some dyslexic children have a perceptual
deficit that may interfere with processing of phonological
information. In the present study, the clinical had signifi-
cantly higher latency than that of control group irrespec-
tive of the stimuli used. However, analysis of the
individual data showed that although 9 out of 15 children
were abnormal in the processing of /da/-/δ8a/ contrast,
more number of children had abnormal processing of /
tΣa/-/dZa/ contrast indicating that even processing of
durational cues are affected in children with dyslexia. This
could be due to the difference in the phonological rules
(a to f). The figure shows grand mean MMNs of clinical group Figure 3
(a to f). The figure shows grand mean MMNs of clinical group. Figure 2a to 2f represents the waves elicited for /tΣa/-/dZa/, /
tΣa/-/sa/, /da/-/δ8a/, /da/-/das/, tonal frequency and tonal duration contrasts respectively. Each sub-figure has a standard, a devi-
ant and a difference wave respectively. The waves are scaled to 13 μV and the MMN is marked on the difference wave.Behavioral and Brain Functions 2007, 3:36 http://www.behavioralandbrainfunctions.com/content/3/1/36
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between English and Indian languages and/or the differ-
ence in the stimuli used. The present study used natural
stimuli and though the major cue used for differentiating
/tΣa/-/dZa/ contrast is voice onset time, spectral differ-
ences also would have contributed for the discrimination.
The F1, F2, F3 differences between the two syllables were
45 Hz, 24 Hz and 38 Hz, respectively.
The deficit in the processing of duration cues was also
reported by Leppanen et al. [25]. He reported that process-
ing of durational cues is affected in infants at risk for dys-
lexia due to a familial background of reading problems.
They process auditory temporal cues of speech sounds dif-
ferently from infants without such a risk even before they
learn to speak. In the present study also, speech contrasts
which differed in duration elicited abnormal MMN sug-
gesting deficient perception of durational cues in a sub-
group of children with dyslexia. The results of the present
study support these findings and also reveal that there is a
neurophysiologic basis for the abnormal voiced-voiceless
perception, observed in these children. Temporal process-
ing deficit in children who spoke and studied Indian lan-
guages is further supported by abnormal processing of /
da/-/das/ contrast. However, the severity of deficit was
higher for the processing of /tΣa/-/dZa/ than that of /da/-
/das/. This could be because, the VOT difference in /tΣa/-/
dZa/ contrast was 25 ms whereas the vowel duration dif-
fered by 75 ms in /da/-/das/ contrast.
MMN for tonal stimuli
The results of the present study and the review of literature
suggest that the processing of speech syllables is affected
in children with dyslexia. However, there is a controversy
as to whether this type of deficit exists for tonal stimuli.
The results of the present study show that these children
have abnormal MMN for tonal stimuli also. When tonal
stimuli were used to record MMN, no group difference
was obtained for MMN for duration deviation whereas
MMN for frequency deviance showed a group difference.
Earlier investigation by Schulte-Korne et al. [15] showed
Table 4: The number of children with dyslexia having normal, prolonged and absent MMN.
MMN
Stimulus contrast Normal Prolonged Absent
/tΣa/-/dZa/ 3 4 8
/tΣa/-/sa/ 5 5 5
/da/-/δ8a/ 6 4 5
/da/-/das/5 7 3
Frequency deviance 9 4 2
Duration deviance 9 4 2
Table 3: Peak amplitude (μV) of MMN in control and clinical groups
Stimuli Group FZ TL TR
Mean SD Mean SD Mean SD
Speech /tΣa/-/dZa/ Control -2.2 1.67 -2.4 1.73 -2.78 1.93
Clinical -4.12 3.25 -4.31 1.77 -4.55 3.19
/tΣa/-/sa/ Control -3.44 2.5 -3.52 2.29 -3.42 2.33
Clinical -2.36 1.97 -3.97 1.68 -3.48 2.12
/da/-/δ8a/ Control -2.77 2.13 -3.07 1.97 -2.82 2.11
Clinical -2.22 1.73 -3.15 1.54 -2.38 1.47
/da/-/das/ Control -5.54 3.05 -4.18 2.3 -3.29 2.43
Clinical -5.39 3.28 -4.01 1.77 -4.25 2.38
Tone 1000 Hz–
1100 Hz
Control -2.68 1.7 -2.89 2.29 -2.73 2.07
Clinical -4.08 2.96 -4.41 3.95 -2.77 5.41
250 msec–
175 msec
Control -2.48 1.57 -2.98 2.17 -3.18 2.42
Clinical -4.85 2.77 -4.07 2.08 -3.9 2.5Behavioral and Brain Functions 2007, 3:36 http://www.behavioralandbrainfunctions.com/content/3/1/36
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that MMN for frequency deviance of tone was not affected
in dyslexics whereas MMN for speech stimuli was affected.
They had concluded that dyslexics have a specific speech
processing deficit at the sensory level which could be used
to identify children at risk at an early age. Similar results
have also been reported in adults with dyslexia [26]. How-
ever, Baldeweg et al. [16] reported that even MMN elicited
for tonal contrasts were smaller in dyslexics. An investiga-
tion by Schulte-Korne et al. (1999) using complex tonal
pattern that differed in temporal pattern but not fre-
quency, showed that dyslexics have a significant pre-atten-
tive deficit in processing of rapid temporal patterns.
Renvall and Hari [27] reported that electroencephalo-
graphic studies demonstrate smaller auditory responses to
infrequent deviances of speech and non speech sounds in
dyslexic than normal-reading subjects. The results of the
present study reinforces the consensus that processing of
both speech and non speech stimuli is affected in children
with dyslexia but processing of all the cues are not equally
affected.
Based on the results of the present study and earlier inves-
tigations, it can be inferred that it may be the acoustic
information embedded in speech sounds, rather than
phonetic information per se, that resulted in the attenu-
ated MMN found in dyslexics. Behavioral studies reported
in literature also indicate that processing of both speech
and non speech stimuli is affected in children with dys-
lexia. Breier et al [28] observed that children with reading
disorder have a deficit in phoneme perception that was
evident in inconsistent labeling of tokens in a voice onset
tokens (/ga/-/ka/) as well as in their labeling of tone onset
tokens, supporting the hypothesis that deficits in speech
perception in this group extend to non speech as well as
speech stimuli containing similar acoustic cues. The dura-
tion between the burst and the onset of voicing is a pri-
mary cue for voiced-voiceless differentiation. Thus it can
be hypothesized that difficulty in voiced-voiceless differ-
entiation observed in children with learning disorder is
due to difficulty in discrimination of durational cues. Fur-
thermore, there is variability within a group of children
with dyslexia. Some may have impairment in the process-
ing of speech contrasts whereas others may have impair-
ment in both speech as well as tonal contrasts. This could
be because different diagnostic subgroups of dyslexics
have different patterns of auditory processing deficits
[29]. In the Figure 3, we can notice that MMN is pro-
longed for /tΣa/-/dZa/, /tΣa/-/sa/, /da/-/δ8a/ and tonal fre-
quency contrasts, while was normal for /da/-/das/ and
tonal duration contrasts.
Conclusion
The present findings support the hypothesis of a basic non
linguistic auditory-information processing deficit in indi-
viduals with dyslexia, which is also manifested in the
preattentive analysis of acoustic features. Some studies
have suggested that MMN is a necessary but not a suffi-
cient component for conscious perception of a stimulus
change [30]. However, it has been documented that some
individuals do not have MMN despite behavioral percep-
tion of the stimulus change used to elicit the representa-
tion, suggesting that conscious perception of acoustic
stimulus differences may not require whatever processes
are responsible for MMN generation [31]. It is important
to realize that MMN and behavioral responses to same sig-
nals represent different aspects of signal processing, the
former being preattentive and neurobiological, whereas
the latter involves the conscious integration of perceptual
information. Nevertheless, biological and perceptual
processes that govern how we hear speech may be better
understood by understanding how pre-attentive neural
processes and conscious perception are related to one
another [32].
Thus, the results indicate that discrimination of both
speech and non speech stimuli is affected in children with
dyslexia speaking Kannada, an Indian language. The find-
ings support the hypothesis of a basic non-linguistic audi-
tory information processing deficit in dyslexic children,
which is also manifested in the pre-attentive analysis of
acoustic features. The basis of speech discrimination defi-
cits lie in deficits of neurophysiologic encoding along the
auditory pathway. Inspite of having good phoneme
grapheme correspondence in Indian languages, children
who learn these languages do possess impairment in pho-
nological discrimination. Having known the phonologi-
cal rules used in Indian languages, one would expect lesser
processing deficits atleast in the temporal processing.
However, temporal processing and spectral processing
were affected to equal extent. The result does not provide
support to the notion that phonological rules influence
the auditory processing. Thus there is a definite need for
early identification and rehabilitation of auditory process-
ing disorder in Indian children with dyslexia and MMN
can be a valuable tool in the process.
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MMN-Mismatch negativity, VOT-Voice onset time.
Competing interests
The author(s) declare that they have no competing inter-
ests.
Authors' contributions
Both the authors 1) have made substantial contributions
to conception and design, or acquisition of data, or anal-
ysis and interpretation of data; 2) have been involved in
drafting the manuscript or revising it critically for impor-
tant intellectual content; and 3) have given final approval
of the version to be published.Behavioral and Brain Functions 2007, 3:36 http://www.behavioralandbrainfunctions.com/content/3/1/36
Page 10 of 11
(page number not for citation purposes)
Additional material
Acknowledgements
Authors wish to acknowledge Prof. M. Jayaram, Director, AIISH, Mysore, 
India for granting funds and giving permission to carry out this study. 
Authors also thank Dr. Asha Yathiraj, Head, Department of Audiology, 
AIISH, Mysore, India for all the encouragement given to carry out the study.
References
1. APA: Diagnostic and Statistical Manual of mental disorders.
fourth edition. Washington DC: American Psychiatric Association;
1994. 
2. Ramaa S: Two decades of research on learning disabilities in
India.  Dyslexia 2000, 6(4):268-283.
3. Snowling M: Dyslexia as a phonological deficit: Evidence and
implications.  Child Psychol Psychiatry Review 1998, 3:4-11.
4. Torgesen JK: Phonological awareness: A critical factor in dyslexia Balti-
more: Orton Dylexia Association; 1996. 
5. Goswami U: Phonology, reading development and dyslexia: A
cross-linguistic perspective.  Ann Dyslexia 2002, 52:141-163.
6. Byrne B, Fielding-Barnsley R: Acquiring the alphabetic principle:
A case for teaching recognition of phoneme identity.  J Educ
Psychol 1990, 82:805-812.
7. Hatcher PJ, Hulme C, Ellis AW: Ameliorating early reading fail-
ure by integrating the teaching of reading and phonological
skills: the phonological linkage hypothesis.  Child Dev 1994,
65:41-57.
8. Torgeson JK, Davis C: Individual difference variables that pre-
dict response to training in phonological awareness.  J Exp
Child Psychol 1996, 63:1-21.
9. Vandervelden MC, Siegel LS: Teaching phonological processing
skills in early literacy: A developmental approach.  Learn Disa-
bil Quarterly 1997, 20:63-81.
10. Farmer ME, Klein RM: The evidence for a temporal processing
deficit linked to dyslexia: A review.  Psychon Bull Rev 1995,
2:460-493.
11. Tallal P: Auditory temporal perception, phonics and reading
children.  Brain Lang 1980, 9:182-198.
12. Lang H, Eerola O, Korpilahti P, Holopainen I, Salo S, Uusipaikka E, Aal-
tonen O: Clinical Applications of the Mismatch Negativity.
Ear Hear 1995, 16:117-129.
13. Naatanen R: Attention and brain function.  Hillsdale, N.J.: Erl-
baum; 1992. 
14. Naatanen R: The perception of speech sounds by the human
brain as reflected by the mismatch negativity (MMN) and its
magnetic equivalent (MMNm).  Psychophysiology 2001,
38(1):1-21.
15. Schulte-Korne G, Deimel W, Bartling J, Remschmidt H: Auditory
processing and dyslexia: evidence for a specific speech
processing deficit.  Neuroreport 1998, 9:337-40.
16. Baldeweg T, Richardson A, Watkins S, Foale C, Gruzelier J: Impaired
auditory frequent y discrimination in dyslexia detected with
mismatch evoked potentials.  Ann Neurol 1999, 45:495-503.
17. Kraus N, McGee TJ, Carrel TD, Zecker SG, Nicol TG, Koch DB:
Auditory neurophysiologic responses and discrimination def-
icits in children with learning problems.  Science 1996,
273:971-973.
18. Bradlow AR, Kraus N, Nicol TG, McGee TJ, Cunningham J, Zecker
SG, Carrell TD: Effects of lengthened formant transition dura-
tion on discrimination and neural representation of syn-
thetic CV syllables by normal and learning disabled children.
J Acoust Soc Am 1999, 106:2086-2096.
19. Karanth P: Developmental dyslexia in bilingual-biliterates.
Reading and Writing: An Interdisciplinary Journal 1992, 4:297-306.
20. Naatanen R, Picton T: The N1 wave of the human electric and
magnetic response to sound: a review and an analysis of the
component structure.  Psychophsiology 1987, 24:375-425.
21. Cornelissen PL, Hansen PC, Bradley L, Stein JF: Analysis of percep-
tual confusions between nine sets of consonant-vowel sounds
in normal and dyslexic adults.  Cognition 1996, 59(3):275-306.
22. Schulte-Korne G, Deimel W, Bartling J, Remschmidt H: Pre-atten-
tive processing of auditory patterns in dyslexic human sub-
jects.  Neuroscience letters 1999, 276:41-44.
23. Rosen S: Temporal integration in speech: acoustic, auditory
and linguistic aspects.  Phil Trans Royal Soc London 1992,
336:367-373.
24. Manis FR, Mcbride-Chang C, Seidenberg MS, Keating P, Doi LM, Mun-
son B, Petersen A: Are speech perception deficits associated
with developmental dyslexia?  J Exp Child Psychol 1997,
66:211-235.
25. Leppanen PH, Richardson U, Pihko E, Eklund KM, Guttorm TK, Aro
M, Lyytinen H: Brain responses to changes in speech sound
durations differ between infants with and without familial
risk for dyslexia.  Dev Neuropsychol 2002, 22:407-422.
26. Schulte-Korne G, Deimel W, Bartling J, Remschmidt H: Speech per-
ception deficit in dyslexic adults as measured b mismatch
negativity (MMN).  Int J Psychophysiol 2001, 40:77-87.
Additional file 1
Audio file of stimulus /tΣa/. This audio file of 250 ms has an unvoiced-
palatal-affricate along with vowel /a/ and was used as standard stimulus 
to elicit MMN.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1744-
9081-3-36-S1.wav]
Additional file 2
Audio file of stimulus /dZa/. This audio file of 250 ms has a voiced-pala-
tal-affricate along with vowel /a/ and was used as deviant stimulus to elicit 
MMN.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1744-
9081-3-36-S2.wav]
Additional file 3
Audio file of stimulus /sa/. This audio file of 250 ms has an unvoiced fric-
ative along with vowel /a/ and was used as deviant stimulus to elicit 
MMN.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1744-
9081-3-36-S3.wav]
Additional file 4
Audio file of stimulus /da/. This audio file of 250 ms has a voiced-palatal-
stop along with vowel /a/ and was used as standard stimulus to elicit 
MMN.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1744-
9081-3-36-S4.wav]
Additional file 5
Audio file of stimulus /δ8a/. This audio file of 250 ms has a voiced-alve-
olar-stop along with vowel /a/ and was used as deviant stimulus to elicit 
MMN.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1744-
9081-3-36-S5.wav]
Additional file 6
Audio file of stimulus /das/. This audio file of 175 ms has a voiced-palatal-
stop along with vowel /a/ and was used as deviant stimulus to elicit MMN.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1744-
9081-3-36-S6.wav]Publish with BioMed Central    and   every 
scientist can read your work free of charge
"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published  immediately upon acceptance
cited in PubMed and archived on PubMed Central 
yours — you keep the copyright
Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp
BioMedcentral
Behavioral and Brain Functions 2007, 3:36 http://www.behavioralandbrainfunctions.com/content/3/1/36
Page 11 of 11
(page number not for citation purposes)
27. Renvall H, Hari R: Diminished auditory mismatch fields in dys-
lexic adults.  Ann Neurol 2003, 53(5):551-557.
28. Breier JI, Grau L, Fletcher JM, Diehl RL, Klaas P, Foorman BR, Molis
MR: Perception of voice and tone onset continua in children
with dyslexia with and without attention deficit/hyperactive
disorder.  J Exp Child Psychol 2001, 80:245-270.
29. Lachmann T, Berti S, Kujala T, Schrfger E: Diagnostic subgroups of
developmental dyslexia have different deficits in neural
processing of tones and phonemes.  Int J Psychophysiol 2005,
56:105-120.
30. Naatanen R, Gaillard AW, Mantysalo S: Early selective-attention
effect on evoked potential reinterpreted.  Acta Psychol (Amst)
1978, 42(4):313-329.
31. Kraus N, Koch DB, McGee TJ, Nicol TG, Cunningham J: Speech
Sound Discrimination in School Age Children: Psychophysi-
cal and Neurophysiologic Measures.  J Speech Lang Hear Res
1999, 42:1042-1060.
32. Allen J, Kraus N, Bradlow A: Neural representation of con-
sciously imperceptible speech sound differences.  Percept Psy-
chophys 2000, 62:1383-1393.